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ABSTRACT
Late Quaternary sediments of the Bengal basin contain a history of river switching 
and climate change as revealed from sand- and clay-size mineralogy of boreholes and 
modern river-bed grabs. Epidote to Garnet ratios (E/G) in sand fraction sediments are 
diagnostic of source, with high (>1) E/G indicating Brahmaputra provenance and low 
(<1) E/G indicating Ganges provenance. In the clay fraction smectite is diagnostic, with 
high values (~ 39%) in the Ganges and low values (~ 3%) in the Brahmaputra. The 
Brahmaputra has higher illite than the Ganges (63% vs. 41%, respectively), higher 
kaolinite (29% vs. 18%), and slightly higher chlorite (3% vs. 1%).
Analysis of mineralogic and stratigraphic data indicates the two rivers have migrated 
across the delta during the Holocene, with extended periods of mixed river inputs isolated 
to the early Holocene. Rapid river switching in the late Quaternary/early Holocene during 
sea level lowstand is indicated, perhaps in the form of braided channels, followed by 
evidence of increased channel stability in the late Holocene. Tectonically driven 
accommodation and Sylhet Basin may have contributed to the favored easterly course of 
the Brahmaputra.
Relative abundances of illite and chlorite (IC) versus smectite and kaolinite (SK) 
record varying degrees of physical and chemical weathering (respectively) throughout the 
Holocene. High IC values indicate relative dominance of physical weathering, perhaps 
caused by massive inputs from Himalayan deglaciation, while high SK may indicate 
dominance of chemical weathering through increasing SW Indian monsoon intensity. The 
highest physical weathering occurs at ~ 10,000 cal yr BP, with elevated physical 
weathering continuing until ~ 5000-6000 cal yr BP. Chemical weathering dominates from 
~ 5000 cal yr BP to present. Spikes in SK abundances may result from floodplain erosion 
events from upstream river avulsion.
SAND- AND CLAY-SIZE MINERALOGY OF THE GANGES AND 
BRAHMAPUTRA RIVERS:
RECORDS OF RIVER SWITCHING 
AND LATE-QUATERNARY CLIMATE CHANGE
INTRODUCTION
Deltaic systems evolve through a complex interaction of fluvial and coastal processes. 
Sedimentation patterns are controlled by an array of factors, including: climate, sediment 
load, tectonics, water discharge, and eustatic sea level changes, each of which operate 
over a wide range of spatial and temporal scales (e.g., Wright and Coleman, 1973; Wright 
and Nittrouer, 1995). Historically, clays and heavy-minerals have been used to determine 
sediment provenance and can provide useful information in examining deltaic processes, 
such as the routing of ancestral fluvial systems, controls of river avulsion events, river 
course response to sea-level change, and establishing uplift and erosion history (e.g., 
Johnson etal., 1985; Uddin and Lundberg, 1998). In addition to provenance, clay 
mineralogy can provide valuable information on paleoelimate and weathering conditions, 
distinguishing between periods dominated by chemical or physical weathering (e.g., 
Debrabant et al., 1993; Derry and France-Lanord, 1996).
Draining the north and south slopes of the Himalayas (Fig. 1), the Brahmaputra and 
Ganges rivers are characterized by enormous sediment load and monsoonal floods, 
forming one of the largest subaerial delta systems in the world (Morgan and Mclntire, 
1959). Until recently, river avulsion and migration studies of this area have been limited 
to examinations of historical maps and records (Thome, et a l, 1993; Umitsu, 1985). 
Goodbred and Kuehl (2000a) use borehole data to detail the late Quaternary history of 
the delta and conclude that slowing of sea level rise ~ 7000 cal yr BP and siltation of 
alluvial valleys prompted channel migration in the lower delta. In addition, several major 
upstream avulsions of the Brahmaputra across the Madhupur Terrace (Fig. 2) occurred in 
the late Quaternary, possibly implicating major seismic events. However, analysis of
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Figure 1. Geological map of the Ganges and Brahmaputra drainage basins and 
surrounding areas (Segall and Kuehl, 1992).
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5river migration in Goodbred and Kuehl (2000a) is based principally on grain-size data 
and does not include mineralogy. This study builds on the work of Goodbred and Kuehl 
(2000a) by adding mineralogy as a tool with which to examine the patterns and controls 
of river course switching and migration over the late Quaternary.
Recent interest in the role of Himalayan uplift in light of global climate regimes has 
prompted several clay mineralogy studies of the Bengal Fan sediments, providing 
researchers with detailed Neogene and Pleistocene climate and uplift information (Brass 
and Raman, 1990; Debrabant, et al., 1993; Galy et al., 1996). However, these studies do 
not provide information of Holocene climate change history because of the dearth of 
recent sediments reaching distal fan deposits. This study uses mineralogy in the ~ 100 m 
thick wedge of Holocene sediments in the Bengal Basin to elucidate more recent trends 
between climate, weathering, and deglaciation of the Himalaya.
This paper establishes key mineralogical differences between the Ganges and 
Brahmaputra rivers in both the clay fraction and the heavy-mineral sand fraction. This 
information, added to stratigraphic data of Goodbred and Kuehl (2000a), allows detailed 
analysis of river switching and migration, in addition to reconstructing climate and 
weathering history over the Late Quaternary.
BACKGROUND
Geological Setting
Uplift rates of the Himalayas as high as 7 mm/yr (Butler and Prior, 1988), coupled 
with glacial-interglacial cycles in the Quaternary (Gasse et al., 1991) have resulted in 
massive amounts of sediments coursing down the Ganges and Brahmaputra rivers,
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forming one of the largest subaerial delta/deep-sea fan systems in the world (~ 10 km , ~ 
3 x 106km2, respectively)(Curray and Moore, 1971). Since the Miocene, sediments have 
prograded from a northeast trending hinge line (Fig. 2), accumulating a wedge of 
sediments ~ 10 km thick near the modem shelf break (Lindsay et al., 1991). The Ganges- 
Brahmaputra (G-B) system presently ranks first in terms of sediment discharge at ~ 109 
t/yr, comparable in magnitude only to the Amazon River, discharging ~ 109 t/yr 
(Milliman and Syvitski, 1992; Yang, et al., 1998). Unlike the Amazon delta, the G-B 
delta is adjacent to an area of active tectonics, the Himalayan foredeep.
Highlands of varying origin bound the modem Bengal Basin and enclose the delta 
system (Fig. 2). The eastern Bengal is bounded by sedimentary rocks of the Tripura fold 
belt, reflecting Tertiary uplift adjacent to the Indio-Burman collision boundary. The west 
is bound the Rajmahal Hills, which are trap-deposits of the Lower Jurassic Gondwana 
system (Morgan and Mclntire, 1959). Along the northeast, the Shillong Massif 
overthrusts the Sylhet Basin along the poorly understood Dauki fault (Fig. 2)(Johnson 
and Alam, 1991). In the interior of the Bengal Basin, the Madhupur Terrace and Barind 
Tract have been uplifted in the Pleistocene, exhibiting topographic control on the river 
paths in the modem system (Coleman, 1969). About 75% of Bangladesh lies <5 m above 
sea level, and is flooded annually by the SW summer monsoon.
Goodbred and Kuehl (2000a) describe Late Quaternary history of the G-B delta,
controlled by eustasy, tectonics, and immense sediment discharge which is briefly
6
7summarized below. G-B delta evolution since the last glacial maximum progresses from 
an alluvial valley to a coastal marine delta front to a prograding subaerial delta plain. 
However, borehole data suggest the timing, thickness, and controls differ from standard 
models. For example, initial delta growth began ~ 10,000-11,000 cal yr BP, which is 
2000-3000 years earlier than the global average. This resulted in a thick (~ 50 m) 
transgressive systems tract is formed during the early Holocene, in contrast to extensive 
shoreline retreat recorded along most margin. In addition, subsiding inland basins favor a 
thick (~ 40 m) accumulation of highstand deposits following the middle Holocene. 
Subsidence in the G-B subaerial delta is in part a function of plate-driven tectonic 
processes, rather than compaction as in other delta systems.
Goodbred and Kuehl (2000a) describe six stratigraphic facies from Late Quaternary 
deposits in the Bengal basin. The earliest units are the Oxidized facies and the Sand 
facies, representing lateritic uplands of lowstand exposure and well sorted channel sands 
of lowstand alluvial valleys, respectively. Grain-size data indicate these channel sands 
fine upward due to thalweg migration and gradual coarse abandonment. Overlying these 
two facies is the Lower Delta Mud facies, which contains both marine and terrestrial 
fossils representing marine transgression and coastal mangrove deposits. Overlaying the 
Lower Delta Mud is the Muddy Sand facies, interpreted as prograding fluvial and 
estuarine distributary mouth channel deposits. Variable grain-size distribution in this unit 
indicates the initiation of thalweg migration and increased channel mobility in the lower 
delta. Finally, floodplain deposits, Sylhet Basin Mud facies and Thin Mud facies, cap the 
sequence.
Studies of migration and avulsion of the two rivers have been limited to historical 
maps and aerial photographs (Coleman, 1969; Chansarkar, 1981; Murthy and Sastri,
1981; Bristow, 1987). Coleman (1969) recognized a gradual westward migration of the 
Brahmaputra of as much as 10 km over a 150 year period (~ 70 m/yr) due to high 
bedload, catastrophic flooding, and rapid channel infilling. This migration is most 
apparent in the upstream reaches, whereas the confluence with the Ganges has remained
almost static. Bristow (1987) recognized a hierarchy of channels within the Brahmaputra, 
where the first order channel is the entire river, comprised of smaller second order 
braided channels. Second order channel migration within the braid belt is comparatively 
rapid, where 1 km per year shifts are common, completely reworking most first order 
accretion surfaces. Coleman (1969) measured bedforms in the Brahmaputra with heights 
as high as 15 m, with in-filling of sands up to 9 m in a single day. The combined rivers 
scour channels up to 30 m deep at their confluence, with an average channel depth in the 
Brahmaputra of 6 m (Best and Ashworth, 1997).
Avulsions of the Brahmaputra are controlled in part by active tectonic movements 
(Morgan and Mclntire, 1959). A major avulsion occurred in the Brahmaputra in the 
1770’s due to the uplift of the Madhupur Terrace, where the river migrated from east of 
Madhupur Terrace to approximately its present course. Although the extent of the 
neotectonics is not known, a sense of the timing and magnitude is evident from 
observations of numerous earthquakes, resulting in sinking buildings, buried trees, and 
active fault scarps (Morgan and Mclntire, 1959; Coates et al.y 1988).
Historical accounts indicate the Ganges has changed course numerous times (Umitsu, 
1985). The oldest noted course was along the Hooghly River in 300 BC, the westernmost 
distributary of the Ganges near Calcutta. Since then, the main course of the Ganges has 
migrated between the Hooghly and the Padma, the easternmost distributary. The Padma 
River course existed prior to 300 BC, and it has carried the majority of flow since then at 
least once, in the 1200’s to 1300’s (Umitsu ,1985). Other accounts describe the Hooghly 
as the main course prior to the 1500’s, with numerous (three to five) other distributaries 
mapped as main channels from the 1500’s to present (Coleman, 1969; Umitsu, 1985). 
Hence, the Ganges has experienced at least two major avulsions over the last 2000 years, 
with several small scale changes.
9Mineralogy
Sand Fraction. Although the mineral composition of a sediment deposit is determined 
by several factors {e.g., particle sorting by shape, size and density, and weathering in 
transport and at the sight of deposition), analysis of mineralogy may be useful in 
determining provenance {e.g., Biscaye, 1965; Lindholm, 1987). Heavy-minerals have 
been used extensively in provenance studies and reconstruction of ancestral fluvial 
systems {e.g., Naidu et al., 1995; Bartholomew and Mills, 1991).
The Ganges and Brahmaputra rivers have distinctive mineralogies which result from 
the geological differences in their sourse areas (Fig. 1). The Brahmaputra drains the 
Tibetan Plateau of China and is dominated by upland tributaries originating in the 
Himalayas. The Brahmaputra flows through various rock types including Precambrian 
metamorphics (high grade schists, gneisses, quartzites, metamorphosed limestones), acid 
intrusives, and Paleozoic-Mesozoic sandstones, shales and limestones (Huizing, 1971). 
The Ganges drains the southern slope of the Himalayas, with upland tributaries flowing 
through dolomitic limestones, calcareous shales, and igneous and metamorphic rocks. 
Unlike the Brahmaputra, the Ganges is also fed by lowland tributaries draining Mesozoic 
and Tertiary basic effusives and the Precambrian-Cambrian shield (Huizing, 1971). These 
lowland tributaries are subject to cyclic wetting and drying, forming alkaline and saline 
soils containing calcareous concretions locally known as ‘kankar’ in India and 
Bangladesh (FAO, 1971; Sarin et al., 1989).
Based on bulk sand fraction (50-500 pm) and heavy-mineral analysis, Huizing (1971) 
suggested the only “key minerals” for provenance study are the carbonates (mostly 
dolomite) of Ganges alluvium. Small amounts of dolomite are found in all unweathered 
and some weathered samples of Ganges alluvium, whereas Brahmaputra alluvium 
contains no carbonates. Subramanian (1979) used thermodynamic equilibrium models of 
water chemistry to predict theoretical mineralogic assemblages, finding that dolomite is 
expected to be stable in Ganges waters. In addition, detailed studies by Sarin et al. (1989) 
found highland rivers of the Brahmaputra river to be dominated by carbonate weathering,
10
whereas the lowland rivers of the Ganges were dominated by silicate weathering. This 
may explain the absence of carbonates in the Brahmaputra. Alluvial plains in India 
surrounding the Ganges contain an abundance of calcareous matter, in some regions as 
high as 30% (Wadia, 1981). On the contrary, Datta and Subramanian (1997) reported 
carbonate in both the Ganges and Brahmaputra, although considerably more carbonate is 
found in one of the two Ganges samples. Whereas carbonates may be useful in 
distinguishing between Ganges and Brahmaputra recent alluvium, this technique may be 
problematic with older sediments because of diagenesis.
When no key mineral can be found, the relative amounts of different minerals may be 
used to classify sediments with a common origin. Huizing (1971) found that in all the 
samples examined (8 samples in Brahmaputra floodplain, 15 samples in the Ganges 
floodplain), Brahmaputra samples contain an epidote/gamet ratio >1 while Ganges 
samples have a ratio <1. A study of the Hooghly river (an active Ganges distributary) also 
finds that all 13 samples examined have an epidote/gamet ratio <1, with an average ratio 
of 0.25 (Shanmugam, 1964). Datta and Subramanian (1997) reported high garnet 
(pyrope) abundances in Ganges alluvium and slightly higher epidote abundances in the 
Brahmaputra. Another mineralogical difference includes slightly lower amphibole 
contents in the Ganges than the Brahmaputra (Huizing 1971, Datta and Subramanian, 
1997).
Clav Fraction. Sarin et al. (1989) performed detailed analysis of the clay-sized 
fraction (<2 pm) for four main clay mineral groups (smectite, kaolinite, illite and 
chlorite) in sediments from the Ganges and Brahmaputra river and their various 
tributaries and found distinctions between lowland and highland rivers. All highland 
rivers in this area are dominated by illite (about 80%), whereas kaolinite and chlorite 
constitute the remaining 20%. Lowland rivers draining the Deccan and Rajmahal traps 
contain 80% smectite. Although chlorite is not a major constituent in any of the 
tributaries sampled, abundances are significantly higher in highland rivers of the 
Himalayas, where physical weathering dominates. The resultant Ganges combines both
11
highland and lowland mineralogies (32% illite, 56% smectite, 5% kaolinite, 7% chlorite; 
at Aricha Ghat)(Sarin et al., 1989), whereas Brahmaputra sediments have only a highland 
signature (61% illite, 5% smectite, 18% kaolinite, 17% chlorite; average of three 
samples)(Sarin et al., 1989). Sarin et al. (1989) cited basin geology and climate as the 
causes of clay mineralogy differences. Highland river sediment are dominated by 
physical weathering of acidic rocks, and lowland river sediment are dominated by 
chemical weathering of basic effusives. A second study of Ganges tributaries 
(Chakrapani et al., 1995) supports the above conclusions, finding high illite and chlorite 
in highland tributaries and high smectite in lowland tributaries.
High smectite abundances have been reported in several other studies in areas 
dominated by Ganges deposition (Islam and Lotse, 1986; Segall and Kuehl, 1992; Alam 
et al., 1993a; Moslehuddin and Egashira, 1997). Although chlorite is found in very low 
abundances in the Bengal Basin, it has been considered diagnostic of Brahmaputra 
sediments (Segall and Kuehl, 1992). Well-crystallized detrital illite is ubiquitous in this 
area. This indicates derivation from relatively unweathered granitic or metamoiphic 
terrain found predominantly in the Himalayas but also in lowland areas of India (Segall 
and Kuehl, 1992). Kaolinite is primarily a weathering product common in soils of humid 
climates, and the highest abundances are found in soils developed on both young Ganges 
and Brahmaputra alluvium (Islam and Lotse, 1986). Hence, kaolinite may not be 
particularly useful in distinguishing Ganges and Brahmaputra alluvium.
In contrast to high smectite values reported above, Rao et al. (1988) examined the 
clay-sized fraction and concluded that sediments in the Hooghly River contained only 
trace amounts of smectite. Moreover, Datta and Subramanian (1997) found low smectite 
content in Ganges samples, to no significant mineralogical difference between the two 
rivers. Causes of this discrepancy are unclear and indicate that caution is necessary in 
interpreting mineral assemblages. X-ray diffraction techniques are only considered semi- 
quantitative, and values do not necessarily represent the entire sample, which 
theoretically could involve errors up to 40% (Segall et al., 1987).
12
Several studies of Neogene and early Pleistocene Bengal fan sedimentation identify 
the two-mineral associations of smectite and kaolinite (SK), and illite and chlorite 
(IC)(Brass and Raman, 1990, Debrabant et al., 1993, Derry and France-Lanord, 1996). 
These studies argue that high fluxes of IC indicate periods of physical weathering and 
Himalayan uplift, and high fluxes of SK indicate periods of chemical weathering and 
tectonic relaxation. Further, Sr, Nd, O, and H isotope composition of SK and IC in the 
Bengal Fan sediments were compared with isotopes in possible source regions, including 
the Indian shield and various regions in the Himalaya (Galy et al., 1996). The Bengal Fan 
isotope signature was very similar to the High Himalayan Crystalline metasedimentary 
series (HHC), suggesting that both SK and IC groups originate from the same source 
material. Debrabant et al. (1993) and Derry and France-Lanord (1996) concluded that 
although some smectite probably does come from the Deccan Trap basalts as cited by 
previous researchers (Sarin et al, 1989;Segal and Kuehl, 1992), isotopic mass balance 
and the shear quantity indicates these are of minor volumetric importance. They conclude 
that IC forms from direct physical erosion of the HHC, and SK forms from low 
temperature alteration of HHC sediments from pedogenic processes in the Indo-Gangetic 
floodplains (France-Lanord et al., 1993).
To summarize, the only key mineral with which to distinguish between modem 
Ganges and Brahmaputra sediments is dolomite. However, carbonate diagenesis makes 
its use problematic in older deposits. Epidote to garnet ratios may be a reliable method 
for differentiation of Ganges and Brahmaputra alluvium, as well as relative levels of 
amphiboles. The presence or absence of smectite in Ganges alluvium is still largely 
disputed, as well as the usefulness of the other clay minerals in differentiating between 
the two rivers. Studies of Bengal fan sediments correlate high IC during times of active 
uplift, and SK during tectonic relaxation.
METHODS
Boreholes (up to 90 m) were drilled in the Bengal basin using a hand-operated rig 
with a 2.5 cm diameter hollow-stem pipe and a split-spoon sampler. Samples (~ 200 g) 
were collected at 1.5 m depth intervals and stored in whirl-paks. In addition, six Ganges 
and four Brahmaputra River grabs of active channel deposits were collected on exposed 
riverbeds during the dry season, February 1998 (Fig. 3). Grab samples (~ 200 g) were 
collected with a trowel from various sites along the river and stored in whirl-paks. 
Thirteen radiocarbon dates were obtained from a previous study by Goodbred and Kuehl 
(2000a), in addition to descriptions of lithology, grain-size, and fossil remains.
Heavy-mineral analysis was performed on the fine-sand fraction (250-63 pm) for 
ninety-two bulk samples. Specifically, sands were wet sieved (62.5 pm mesh) and 
subsequently heavy-minerals were separated using tetrabromide (s.g. 2.96). Preliminary 
analysis (100-grain count) of sand fraction heavy-minerals was performed on four 
Ganges and four Brahmaputra grab samples to determine the key minerals useful for 
differentiating Ganges and Brahmaputra sediments. In addition, preliminary X-ray 
diffraction (XRD) analysis of feldspar to quartz ratios was performed on light fractions. 
This preliminary study, as well as earlier studies (Shanmugam, 1964; Huizing, 1971; 
FAO, 1971) indicate that epidote to garnet (E/G) ratios are effective for determining 
provenance (for results and discussion of the preliminary analyses, see Appendix A). 
Hence, heavy-mineral grains were identified as one of three categories: epidote, garnet, 
or other, based on physical characteristics including color, cleavage, and crystal habit. 
Line counts of 1000 grains were performed under a binocular microscope with incident 
light. To reduce bias, a method was developed to hide the sample identification during all 
microscope work. Identifications were limited to the fine-sand fraction (250-63pm) to
13
14
BH-7
}Pg”~la’b Brah l - 4 \  ^ 
Gan-3 a, I*'
,*Arl ^  i
7^x&&0-
fev<;'.o ,«^
BH-2
100 m • Gan-# - Ganges Grab
•  Brah-# - Brahmaputra Grab
•  BH-# -Borehole
Figure 3. Site map of the Bengal Basin, with river-bed grab and borehole (BH-#) 
locations. A total of six Ganges grabs were obtained at three different locations 
(Gan 1-3), two grabs of differing grain-size at each location (a,b); all four 
Brahmaputra grabs were obtained at one location (Brah 1-4).
reduce the effect of hydraulic sorting on relative mineral abundances (see Appendix B for 
more details).
Grain-size was determined by rapid sediment analyzer for sands and pipette 
analysis for muds. As is typical for floodplain deposits, samples containing 
predominantly sand were not available at all locations. Many samples contain mostly silt, 
including 3 Ganges grabs and many borehole samples, leaving very little sand for E/G 
analysis. These samples contain mostly (> 95%) hydraulically buoyant micas in the sand 
fraction and yield very low epidote and garnet abundances (< 1%), which results in low 
precision E/G ratios. Hence, samples containing very little (< 30%) sand were not 
analyzed for E/G, including 3 of 6 Ganges grab samples (see Appendix A-l for river grab 
grain-size data). For samples on (or near) the 30% sand cut-off, replicate counts (2-6) 
were performed and results averaged to improve accuracy.
Analysis of clay-sized minerals was performed on sixty-two samples. Clay fractions 
(<2 pm) were separated by gravity and centrifuge techniques and examined by XRD. 
Samples were mounted with preferred orientation by the glass slide method (Moore and 
Reynolds, 1997). Diffraction data were collected on a Scintag ADS X-ray diffractometer 
using Cu-Ka radiation, over 3-33 °20 in the air-dried, ethylene glycol-solvated, and heat- 
treated (550 °C) states. Steps of 0.2 °20 were used at a rate of 1 °20 per minute for all 
three treatments, with slower scans of 1/4 °20 per minute in the 3-9 °20 area of the 
glycolated samples. Identification and semi-quantitative analysis of six clay-sized 
minerals (illite, smectite, kaolinite, chlorite, illite/smectite, and quartz) were performed 
using the weighting factors of Biscaye (1965) and Mann and Muller (1980). Peak areas 
were determined by multiplying the peak height times the peak width at half maximum 
height. Repetitive runs on the same sample yield a 5% error, however this does not 
represent an accurate error for the whole sample, which could be as high as 40% for this 
type of analysis (Segall et al., 1987). (Further details of methods used in this study can be 
found in Appendix, B.)
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RESULTS
River Grab Samples
Ganges River grabs contain low E/G ratios, with all samples having E/G <1, and 
Brahmaputra grabs contain high E/G ratios with all samples E/G >1 (Fig. 4). Results of a 
t-test indicate that E/G ratios for the two rivers are significantly different (p<0.0001). A 
value of 1.0 was chosen as the dividing line between ‘Ganges type’ and ‘Brahmaputra 
type’ sediments, because it successfully divides our set of grab E/G ratios with zero 
misclassifications (Fig. 4), in accordance with samples examined by Huizing (1971).
The overall average E/G ratios for the river grabs {i.e., using all the data in Fig. 4) and 
various standard deviations are reported in Table 3. The overall SD likely reflects 
inherent spatial heterogeneity of floodplain sediments, error in mineral identification, and 
heterogeneity within individual samples. Intra-sample SD represents the error in mineral 
identification and heterogeneity within samples {i.e., among replicates), and inter-sample 
SD represents variance among sample locations. Intra-sample SD is slightly higher than 
the inter-sample SD, suggesting the majority of error is in mineral identification. As 
expected, higher ratios have larger SD, and data from Hooghly river (Shanmugam, 1964) 
have a SD comparable to our results.
The influence of grain-size on E/G ratios was examined by dividing all the samples 
from this study into those with E/G above and below 1 (to reduce the influence of 
provenance), and plotting them as a function of increasing sand content (Fig. 6).
Statistical regression yields an R2 value of 0.11 at 95% confidence interval for E/G <1 
and an R2 value of 0.0005 for E/G >1. This indicates that total sand content {i.e., grain- 
size) has a minimal influence on E/G for ratios <1, and little or no influence on E/G for 
ratios >1.
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Ganges
Brahmaputra
BH-1
Table 1. Epidote and Garnet Data 
River Grabs
Sample E G total E% G% E/G
Gan-1 a 31 87 1000 3.10 8.70 0.36
34 69 1000 3.40 6.90 0.49
20 73 1000 2.00 7.30 0.27
40 81 1000 4.00 8.10 0.49
23 95 1000 2.30 9.50 0.24
19 65 1100 1.73 5.91 0.29
Gan-2a 7 23 2000 0.35 1.15 0.30
6 7 1000 0.60 0.70 0.86
10 34 1000 1.00 3.40 0.29
Gan-3a 49 54 2000 2.45 2.70 0.91
10 27 1000 1.00 2.70 0.37
13 27 1000 1.30 2.70 0.48
14 41 1000 1.40 4.10 0.34
5 31 1000 0.50 3.10 0.16
Brah-1 77 46 1000 7.70 4.60 1.67
110 48 1001 10.99 4.80 2.29
109 35 1006 10.83 3.48 3.11
Brah-2 55 21 1000 5.50 2.10 2.62
88 48 1003 8.77 4.79 1.83
Brah-3 73 53 1000 7.30 5.30 1.38
Brah-4 92 42 1000 9.20 4.20 2.19
114 106 1054 10.82 10.06 1.08
114 87 1058 10.78 8.22 1.31
148 75 1001 14.79 7.49 1.97
123 107 1001 12.29 10.69 1.15
121 65 993 
Boreholes
12.19 6.55 1.86
Depth (m) E G total E% G% E/G
7.6 36 71 1051 3.43 6.76 0.51
13.7 18 49 1000 1.80 4.90 0.37
21.3 43 127 1093 3.93 11.62 0.34
25.9 25 45 2000 1.25 2.25 0.56
32.0 56 160 1158 4.84 13.82 0.35
39.6 51 94 1000 5.10 9.40 0.54
59.4 46 117 1007 4.57 11.62 0.39
61.0 29 53 1000 2.90 5.30 0.55
67.1 32 42 999 3.20 4.20 0.76
76.2 59 124 1014 5.82 12.23 0.48
82.3 29 68 1500 1.93 4.53 0.43
88.4 56 181 1100 5.09 16.45 0.31
Notation: E, epidote; G, garnet; total, number of grains counted; %E and %G,
percentage of total grains counted; E/G, epidote to garnet ratio.
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Borehole
BH-2
BH-3
Table 1. continued
Depth (m) E G total E% G% E/G
18.3 53 30 1000 5.30 3.00 1.77
57 33 1000 5.70 3.30 1.73
19.8 53 38 1000 5.30 3.80 1.39
21.3 49 28 1000 4.90 2.80 1.75
46 28 1000 4.60 2.80 1.64
22.9 59 22 1000 5.90 2.20 2.68
24.4 61 26 1000 6.10 2.60 2.35
25.9 91 97 1145 7.95 8.47 0.94
27.4 104 80 1200 8.67 6.67 1.30
61 43 1000 6.10 4.30 1.42
29.0 76 57 1143 6.65 4.99 1.33
30.5 60 88 1000 6.00 8.80 0.68
55 70 1000 5.50 7.00 0.79
38.1 30 31 1000 3.00 3.10 0.97
28 29 1000 2.80 2.90 0.97
44.2 54 68 1100 4.91 6.18 0.79
50.3 65 87 1000 6.50 8.70 0.75
62 91 1000 6.20 9.10 0.68
56.4 76 56 1000 7.60 5.60 1.36
62.5 72 50 1000 7.20 5.00 1.44
78 51 1000 7.80 5.10 1.53
68.6 60 72 1057 5.68 6.81 0.83
74.7 65 78 1045 6.22 7.46 0.83
80.8 99 86 1203 8.23 7.15 1.15
86.9 49 74 1000 4.90 7.40 0.66
48 56 1000 4.80 5.60 0.86
4.6 19 14 1227 1.55 1.14 1.36
15 16 1000 1.50 1.60 0.94
47 25 1000 4.70 2.50 1.88
6.1 14 10 1000 1.40 1.00 1.40
7.6 19 23 1000 1.90 2.30 0.83
18 16 1000 1.80 1.60 1.13
46 38 1000 4.60 3.80 1.21
13.7 32 20 1098 2.91 1.82 1.60
15.2 50 46 1070 4.67 4.30 1.09
18.3 66 54 1082 6.10 4.99 1.22
22.9 8 10 1000 0.80 1.00 0.80
7 14 1000 0.70 1.40 0.50
27.4 19 33 1000 1.90 3.30 0.58
30 40 1000 3.00 4.00 0.75
29.0 62 83 1200 5.17 6.92 0.75
45 50 1000 4.50 5.00 0.90
30.5 64 56 1160 5.52 4.83 1.14
33.5 59 75 1056 5.59 7.10 0.79
Notation: E, epidote; G, garnet; total, number of grains counted; %E and %G,
percentage of total grains counted; E/G, epidote to garnet ratio.
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Table 1. continued
Borehole 
BH-3, cont.
BH-4
BH-5
BH-7
epth (m) E G total E% G% E/G
53.3 44 48 1208 3.64 3.97 0.92
57.9 81 77 3000 2.70 2.57 1.05
64.0 27 21 1026 2.63 2.05 1.29
70.1 74 71 1151 6.43 6.17 1.04
76.2 66 50 1093 6.04 4.57 1.32
82.3 81 69 1168 6.93 5.91 1.17
88.4 85 77 2000 4.25 3.85 1.10
6.1 61 51 998 6.11 5.11 1.20
7.6 143 87 984 14.53 8.84 1.64
4.6 29 47 1000 2.90 4.70 0.62
10.7 65 100 1000 6.50 10.00 0.65
15.2 56 68 1052 5.32 6.46 0.82
22.9 49 56 1000 4.90 5.60 0.88
51 69 1000 5.10 6.90 0.74
27.4 86 139 1047 8.21 13.28 0.62
32.0 94 177 1135 8.28 15.59 0.53
36.6 107 79 1000 10.70 7.90 1.35
41.1 93 151 1013 9.18 14.91 0.62
45.7 125 113 1043 11.98 10.83 1.11
50.3 127 117 1001 12.69 11.69 1.09
54.9 86 68 1000 8.60 6.80 1.26
59.4 154 165 1214 12.69 13.59 0.93
64.0 72 110 1011 7.12 10.88 0.65
68.6 108 94 1136 9.51 8.27 1.15
73.2 73 60 1000 7.30 6.00 1.22
68 72 1000 6.80 7.20 0.94
74.7 97 99 1091 8.89 9.07 0.98
85.3 109 111 1000 10.90 11.10 0.98
4.6 103 52 918 11.22 5.66 1.98
21.3 89 51 1000 8.90 5.10 1.75
70 61 1000 7.00 6.10 1.15
174 125 1000 17.40 12.50 1.39
33.5 70 42 1000 7.00 4.20 1.67
36.6 129 76 2000 6.45 3.80 1.70
47.2 166 83 1027 16.16 8.08 2.00
59.4 75 68 1000 7.50 6.80 1.10
66 59 1000 6.60 5.90 1.12
76.2 85 56 1000 8.50 5.60 1.52
88.4 61 37 1000 6.10 3.70 1.65
Notation: E, epidote; G, garnet; total, number of grains counted; %E and %G, 
percentage of total grains counted; E/G, epidote to garnet ratio.
Table 2. Relative abundances (%) of clav-size minerals
Ganges
Brahmaputra
BH-1
BH-2
BH-3
BH-4
Sample ID I S
River Grabs 
K C l/S Q Ix
HB-1 46 28 24 1 0 1 0.25
HB-2 45 35 18 1 0 1 0.19
G end-1 32 49 18 1 0 0 0.16
G end-2 36 46 16 1 0 1 0.20
CS 26-1 45 35 18 1 0 1 0.18
CS 26-2 43 43 11 1 1 1 0.24
Brah-1 59 4 33 3 0 1 0.23
Brah-2 64 3 28 3 1 1 0.18
Brah-3 68 1 28 2 1 0 0.16
Brah-4 66 3 27 2 
Boreholes
1 1 0.22
Depth (m) I S K C I/S Q Ix
1.5 59 8 26 5 1 1 0.15
3 56 15 23 4 1 1 0.19
4.6 58 10 24 5 1 2 0.18
6.1 56 15 23 5 0 1 0.25
7.6 71 5 23 1 0 1 0.15
10.7 68 3 22 5 0 2 0.14
13.7 58 12 22 6 0 1 0.16
25.9 72 6 15 5 1 1 0.18
38.1 66 7 20 6 0 1 0.16
42.7 67 5 23 4 0 1 0.11
44.2 67 5 22 5 0 1 0.14
48.8 68 4 20 7 0 1 0.19
61.0 75 2 14 9 0 0 0.18
70.1 73 4 18 4 0 1 0.15
82.3 69 5 15 9 1 1 0.19
1.5 68 1 24 6 0 1 0.15
4.6 65 3 25 5 0 2 0.15
10.7 61 5 31 1 0 2 0.17
21.3 65 3 25 6 0 1 0.18
25.9 61 7 28 1 1 2 0.14
50.3 63 4 25 7 0 1 0.20
86.9 62 4 25 8 0 1 0.17
4.6 59 12 25 3 0 1 0.15
27.4 48 15 28 7 0 2 0.19
57.9 70 7 16 6 0 1 0.17
76.2 70 4 24 2 0 1 0.18
88.4 70 7 20 3 0 0 0.22
1.5 50 18 26 4 1 1 0.10
4.6 49 25 21 2 2 1 0.13
7.6 67 4 17 9 1 2 0.19
10.7 91 2 6 1 0 0 0.20
12.2 95 0 5 0 0 0 0.23
Notation: I, illite; S, smectite; K, kaolinite; C, chlorite; I/S, mixed-layered illite/smectite; Q, quart 
Ix, illite crystallinity index in Deg. 29
Table 2. Cont.
BH-5
BH-7
Boreholes
Depth (m) I S K C I/S Q Ix
1.5 61 18 14 4 2 1 0.19
3.0 48 31 16 3 1 1 0.19
4.6 63 10 20 5 1 1 0.12
6.1 71 7 18 3 0 1 0.17
15.2 68 6 22 2 0 2 0.13
24.4 73 2 22 1 0 2 0.12
32 58 19 19 2 1 1 0.20
50.3 64 10 22 3 0 1 0.16
62.5 64 4 28 3 0 1 0.10
68.6 61 4 32 2 0 1 0.10
74.7 68 4 23 3 1 1 0.13
80.8 70 2 26 1 0 1 0.13
1.5 62 4 27 4 0 3 0.18
4.6 68 2 28 2 0 0 0.14
9.1 58 3 36 1 0 2 0.14
21.3 78 1 16 3 1 1 0.26
33.5 73 2 19 2 2 1 0.21
36.6 74 1 18 7 0 0 0.16
59.4 60 0 31 8 0 1 0.16
88.4 79 0 17 3 1 0 0.23
Notation: I, illite; S, smectite; K, kaolinite; C, chlorite; I/S, mixed-layered illite/smectite; Q, quartz.
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Table 3. E/G (Epidote to Garnet ratio) Averages and Standard Deviation (SD)
of River Grab Samples
Sample
Area
Overall 
Average E/G SD
Intra-sample
SD
Inter-sample
SD
Brahmaputra 1.87 0.61 0.6 0.48
Ganges 0.42 0.22 0.24 0.07
Hooghly * 0.25 0.11 n/a 0.11
* Data of Shanmugam (1964).
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Ganges and Brahmaputra Grabs 
E/G with replicates
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Figure 4. E/G for river-bed grabs, including data from replicate sample counts. The 
dashed line at E/G = 1 successfully divides our Ganges and Brahmaputra samples 
with zero misclassifications (p < 0.0001, DF = 27).
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Ganges and Brahmaputra Grabs 
Clay Abundances
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Figure 5. Clay-size mineralogy of the river-bed grabs. Ganges alluvium contains 
significantly more smectite, whereas the Brahmaputra contains more illite, kaolinite, 
and slightly more chlorite. Quartz, a non-clay mineral, comprises only a small fraction 
of the grab samples (1-2%).
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Grain Size (% Sand) and E/G
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Figure 6. The above two graphs examine the effect of grain size on E/G data, using 
all borehole samples examined in this study. The samples are divided into two 
groups based on E/G above and below 1 (A and B, respectively), in order to reduce 
the influence of provenance. Regressions indicate that the grain size (% sand) has 
little or no effect on E/G (r2 = 0.002, 0.11; A,B, respectively).
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Relative mineral abundances of the clay-sized fraction indicate that high smectite 
concentrations are diagnostic of Ganges alluvium, with an average of 39% in the Ganges 
and an average of 3% in the Brahmaputra (Fig. 5). Illite comprises the mineralogical bulk 
of clay minerals in grab samples from both rivers, with higher amounts in the 
Brahmaputra than Ganges (averages, 63% and 41%, respectively). Kaolinite is the second 
most prevalent clay mineral in the Brahmaputra (average 29%) and the third most 
prevalent in the Ganges (average 17%). Chlorite abundances range from 2-3% in the 
Brahmaputra and 0-1% in the Ganges. Abundances were very low for illite/smectite 
interlayered clays in both rivers (0-3%); there was only minor clay-sized quartz (0-2%) in 
both rivers.
Borehole Samples
Based on E/G data, segments of the boreholes were characterized as one of four 
types: Ganges type (E/G <1), Brahmaputra type (E/G >1), alternating E/G, and E/G =1. 
All twelve samples analyzed from BH-1 (Fig. 8) contain E/G <1 and therefore can be 
categorized as Ganges type (average E/G =0.46). Likewise, all eight samples from BH-7 
are >1 and are considered Brahmaputra type (average E/G =1.55; Fig. 7). Because of the 
lack of sandy samples, only two samples in BH-4 were analyzed, and both have E/G >1, 
and are therefore Brahmaputra type (Fig. 9). Certain segments of BH-5 and BH-2 (Figs. 
10,11) have consistently low or consistently high E/G and hence can be categorized as 
Ganges or Brahmaputra type, respectively. For example, in BH-5 all samples between ~ 
5-30m have ratios <1, and in BH-2 all samples between ~ 18-23m have ratios >1. Other 
sections of these boreholes can be characterized as alternating between high and low 
ratios (e.g., BH-5, ~ 30-45m). In addition, some segments can be characterized as having 
ratios of nearly one (e.g., BH-5, ~ 75-85m). Commonly, sections of various boreholes 
(BH-2, BH-3, BH-5) combine aspects of the last two characterizations (i.e., having both 
alternating high and low ratios and ratios nearly equal to one).
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Figure 7. Stratigraphic and mineralogic data of BH-7, which records Brahmaputra type 
mineralogy throughout the Holocene, based on E/G >1 (C), low smectite (all samples 
<4%), and high illite, kaolinite, and chlorite (D). Illite shows strong negative 
correlation with kaolinite (see Figure 13). Grain size (A) and facies interpretation (B) 
adapted from Goodbred and Kuehl (2000) for Figures 6-11.
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Figure 8. Stratigraphic and mineralogic data of BH-1, which records Ganges type 
mineralogy throughout the Holocene, based on E/G <1 (C), and significantly higher 
smectite than BH-7 (D). The above 14C dates (B) 7703 and 9219 are reported in Cal yr 
BP. Illite and smectite show strong negative correlation (see Figure 13). Smectite and 
kaolinite reach a minimum at ~61 meters (~10K yr BP), and show high variation 0-15 
meters.
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Figure 9. Stratigraphic and mineralogic data of BH-4. E/G>1 (C ) and low smectite 
(D) in the Muddy Sand facies (B) indicate Brahmaputra provenance, while high 
smectite values (>15%) indicate Ganges origin (overbank deposits) in the Thin 
Muds. BH-4 is a shallow borehole with an oxidized surface ~9 meters (Pleistocene 
laterite).
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Figure 10. Stratigraphic and mineralogic data of BH-5. High smectite (D) in Thin 
Mud (B) suggests Ganges overbank deposits. In the Muddy Sand facies (5-32 meters), 
E/G (C) and high smectite values indicates continuous Ganges provenance. Illite 
exhibits strong negative correlation with smectite in the Ganges alluvium (see Figure 
13). E/G are characterized by both alternating (-30-45 meters) and mixed inputs 
(-70-85 meters) in the Sand facies.
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Figure 11. Stratigraphic and mineralogic data of BH-2. The above 14C date (B) 8374 is 
reported in Cal yr BP. The Muddy Sand facies (-18-28 meters)(B) is Brahmaputra type 
according to E/G (C), with corresponding low smectite (D). E/G in the Sand facies is 
characterized by both alternating and mixed inputs.
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Figure 12. Stratigraphic and mineralogic data of BH-3. High smectite (D) and 
E/G >1 (C)(90-60 meters) suggests mixed inputs throughout the Sand facies (B). 
Above -35 meters several switching events are recorded by alternating E/G and 
variations in grain size (A).
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Clay-size mineralogy reveals that smectite abundances are distinctively lower in the 
borehole samples than in Ganges grabs (Table 2). The highest smectite abundances are 
found towards the top of all the boreholes except BH-2. BH-1, which was categorized as 
Ganges type based on E/G, has an average smectite abundance of 7%. BH-7, which was 
categorized as Brahmaputra type, has a average of 2% smectite. Samples below the 
oxidation surface in BH-4 (~ 9 m)(Goodbred and Kuehl, 2000a) contain very low levels 
of smectite (0-2%). Illite dominates the bulk of clay minerals in all six boreholes, with 
abundances ranging from 46-95%, with an average of 63%. The highest illite 
concentrations (>90%) are found in BH-4 below the oxidized layer. Kaolinite is the 
second most abundant clay mineral in the boreholes, with low to moderate abundances 
ranging from 5-30%, and an average of 21%. Interlayered illite/smectite and quartz 
exhibit no major trends in the boreholes. Both interlayered illite/smectite and quartz have 
abundances of 0-2%, with an average of 1%.
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DISCUSSION
River Grab Samples
In the sand fraction, our results indicate the most significant mineralogical difference 
between the Ganges and Brahmaputra Rivers is the epidote to garnet ratio, with 
consistently more garnet in the Ganges and more epidote in the Brahmaputra. These 
results agree with those of Huizing (1971) and Shanmugam (1964), discussed previously. 
Datta and Subramanian (1997) support this finding with higher ratios of epidote to garnet 
in the Brahmaputra (average of two samples ~ 0.64) and lower ratios in the Ganges 
(average of three samples ~ 0.36). These ratios are both lower than average river grab 
ratios in our study (~ 0.42 and 1.87, respectively), which is likely explained by different 
levels of accuracy in semi-quantitative XRD determinations versus more quantitative 
1000-grain counts. Both garnet and epidote commonly form in a variety of metamorphic 
and igneous rocks and are likely of Himalayan origin. The different E/G ratios reported 
for the two rivers reflect the different rock types found in the two drainage basins. 
Another significant mineralogical distinction in the sand fraction noted in previous 
studies is carbonate content (Huizing, 1971). However, this was not used because of the 
difficulty in distinguishing detrital grains and autochthonous concretions in very fine 
sands.
In the clay fraction, the most significant distinction between these two rivers is
smectite content. High smectite content in Ganges alluvium results from low-temperature
(pedogenic) chemical weathering of Himalayan sediments and minor inputs from Deccan
Trap basalts (Bouquillon et al., 1990; France-Lanord et al., 1993; Galy et al., 1996).
Other studies, however, find low smectite content in areas of Ganges influence (Rao et
al., 1988; Datta and Subramanian, 1997). Causes of this discrepancy may be differing
sampling schemes (spatial and temporal), size separations (<4pm vs. <2pm clays), and
XRD mounting techniques, or, perhaps, relict sediments. Segall and Kuehl (1992) found
34
35
high standard deviations indicating variation in abundances in both smectite and chlorite 
related to seasonal changes in discharge into the Bengal Basin. In addition, the present 
study finds high variability in smectite abundances in boreholes characterized by Ganges 
alluvium {i.e., BH-1, 0-15 m).
In contrast, the Brahmaputra is dominated by illite and kaolinite, with a slightly 
higher chlorite content than the Ganges, in accordance with Sarin et al. (1989). Illite and 
chlorite are higher in the Brahmaputra than the Ganges (67% vs. 42%, and 3% vs. 1%, 
respectively), which indicates more physical weathering resulting from the dominance of 
highland tributaries in the Brahmaputra (Sarin et al, 1989). Samples off shore of the 
Ganges-Brahmaputra delta indicate values of interlayered illite/smectite up to 20% 
(Segall and Kuehl, 1992), whereas values in both rivers of this study are less than 2%. 
Reasons for this discrepancy are unclear, and may be due to increased off shore inputs 
from pedogenic sources.
Borehole Samples
BH-7 may be considered an end member, because of its location on the north-east of 
the Madhupur Terrace, where the possibility of Ganges input is negligible. E/G ratios 
throughout this borehole are characterized as Brahmaputra type (E/G >1), as expected. 
This supports the idea that ratios >1 represent provenance not just for present-day 
sediments, but throughout the Holocene. This is further supported by distinctly low 
smectite concentrations (average, 2%) throughout BH-7. In addition, average chlorite 
abundance in BH-7 is 4%, corresponding to slightly higher abundances found in the 
Brahmaputra.
In contrast, all samples from BH-1 have E/G <1 which indicates that these sediments 
represent a continuous record of Ganges alluvium through the Holocene. Although 
smectite values in BH-1 are lower than Ganges grabs, they are typically higher than 
smectite values in BH-7 (2-15% vs. 0-4%, respectively). This further supports that BH-1 
and BH-7 are of different provenance, and solidifies our conclusion that BH-1 is Ganges
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alluvium. Similar arguments can be used for the upper 32m of BH-5, with E/G ratios <1 
and higher smectite values than BH-7, suggesting this section of borehole is a record of 
continuous Ganges sedimentation (Fig. 10).
Thus, in BH-1 and BH-7, we present two distinct late Quaternary records of 
mineralogy, reflecting deposition from the Ganges and Brahmaputra sediments, 
respectively. Issues remain, however, as the average clay mineral concentrations in these 
two boreholes varying significantly down-core, and differ from the concentrations in the 
modem river grabs. For example, smectite generally decreases down-core in both BH-1 
and BH-7. Illite concentrations are higher in both boreholes than the respective modem 
river grabs, and illite increases slightly down-core in both boreholes. Chlorite values are 
higher in the boreholes than modem river grabs. Kaolinite values do not have a strong 
trend, however, they do decrease down-core in both BH-1 and BH-7. In addition, high 
smectite values in modem Ganges river (average ~ 39%) contrast with smectite values in 
BH-1 (average ~ 7%). These issues will be addressed in Weathering and Climate 
Implications, below.
River Switching and Delta Evolution
Whereas BH-1 and BH-7 contain uninterrupted records of Ganges and Brahmaputra 
sedimentation, respectively, BH-2, BH-3, BH-4, and BH-5 apparently record river 
switching histories of the two rivers. BH-4 has three separate mineralogical signals (Fig. 
9). In Thin Mud facies, where no sands were present, high (>15%) smectite and low (~ 
3%) chlorite abundances indicates Ganges provenance. Just below five m, two samples 
contain E/G >1, indicating Brahmaputra origin, which is also supported by low (4%) 
smectite and high (9%) chlorite at -  7 m. Hence, BH-4 apparently records Brahmaputra 
channel sediments overlain by Ganges overbank sediments. At ~ 10 m, we reach a highly 
weathered, oxidized layer of Pleistocene alluvium containing abundant concretions 
(Goodbred and Kuehl, 2000a). Below this layer, samples contain high illite (93%) with 
low kaolinite (6%) and only trace smectite, chlorite, and illite/smectite. This is similar to
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mineralogy of Pleistocene age terrace soils, except that they report significantly higher 
kaolinite (average, 17%; Alam et al., 1993b).
The three remaining boreholes (BH-5, BH-2, and BH-3; Figs. 10, 11, 12) are more 
complex in terms of interpreting E/G ratios. In BH-5, from 70-30 m, there are two 
general trends: one of alternating E/G signals, the other of samples with intermediate 
values (E/G =1). An example of the first trend is the spike of high E/G at ~ 40-30 m, 
interpreted as a migration of the Brahmaputra channel across the area. This spike is the 
last Brahmaputra signal in this borehole before the consistently low E/G above ~ 35 m, 
corresponding to a subtle decrease in grain-size above that depth. The second trend is 
intermediate E/G values at 85-70 m, and 60-45 m. Although we cannot completely rule 
out anomalous E/G input from either the Ganges or Brahmaputra rivers, we suggest an 
alternative explanation. For 85-70 m the average E/G = 1.05, and for 60-45 m the average 
E/G =1.15, both indicating some Brahmaputra influence. However, smectite values are 
also moderate for these segments, suggesting some Ganges influence. Hence, we 
conclude mixed inputs. Overall, BH-5 records at least five river switching events, with 
two episodes of river mixing.
Continuing seaward (Fig. 3), BH-2 follows a similar pattern to BH-5, with both 
alternating and intermediate E/G values up to ~ 35 m (Fig. 11). The interval between 90- 
70 m can be interpreted either as a Ganges-Brahmaputra-Ganges switching sequence, or 
as a continual mixed signal with input from both rivers. The segment between 65-55 m 
represents a period of predominantly Brahmaputra sedimentation, and 50-30 m appears to 
be either mixed signal or Ganges sediments. In the Lower Delta Mud facies (Fig. 11), 30- 
28 m records alternating input and switching of the two rivers over the area. In the 
Muddy Sand facies, deposition from 28-18 m switches back to Brahmaputra dominance, 
judging by high E/G (average E/G = 1.97) and a low smectite value (3%) at ~ 21 m. 
Overall, BH-2 records a minimum of five river switching events with as many as nine.
Like BH-5 and BH-2, BH-3 (seaward most borehole) has intermediate values in the 
Sand facies. In fact, the entire Sand facies from 90-55 m may be interpreted as mixed
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inputs, with average E/G =1.13 concomitant with moderate smectite levels. The Lower 
Delta Mud facies, from ~ 50-35 m, records a period deposited under marine or inter-tidal 
conditions during rapid sea-level rise of the late Pleistocene/early Holocene (Goodbred 
and Kuehl, 2000a). From ~ 35 to the surface, E/G signals alternate rapidly with three to 
five events of river switching. Grain-size and E/G data are interpreted as migrating 
thalweg and horizontal distribution of sediments across the topsets of the subaqueous 
delta in a macro-tidal environment. Sediment reworking by storm events and tidal 
processes may account for the high (12%) smectite value at 5 m.
The above arguments permit reevaluation of facies described by Goodbred and Kuehl 
(2000a). We interpret the BH-5 Sand facies (90-5m) as two separate facies: the Sand 
facies from 90-35 m, and the Muddy Sand facies from 35-5 m (Fig. 10). The Sand facies 
is characterized by mixed inputs combined with frequent alternation between Ganges and 
Brahmaputra alluvium in BH-5, BH-2, and BH-3. Goodbred and Kuehl (2000a) describe 
the Sand as an aggradational system characterized by gradual channel migration from ~ 
14,000 yr BP to ~ 7,000 yr BP. In contrast, our data suggest rapid channel switching with 
substantial combined Ganges and Brahmaputra inputs. Rapid river switching in this unit 
probably resulted from braided channels in an incised alluvial valley, which are 
characterized by broad, shallow braid-belts and rapid migration. This may have been 
caused by the increased gradient and sediment load associated with the sea level lowstand 
of the Late Pleistocene/early Holocene (Goodbred and Kuehl, 2000b). This agrees with 
other reports of multi-channel braided rivers resulting from higher gradients in the 
alluvial plain generated following sea-level fall {e.g., Hampson et al., 1996).
When sea level rise slowed ~ 7,000 yr BP, Goodbred and Kuehl (2000a) describe the 
Muddy Sand and Thin Mud facies as a delta progradational phase marked by course 
avulsions, channel migration, and widespread sand dispersal. Our data suggest a different 
interpretation, with fewer avulsions and more channel stability than the underlying units, 
as indicted by the periods of single river influence in the muddy sand facies of BH-5 and 
BH-2. This decrease in river avulsion perhaps results from the Late Holocene decrease in
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sediment load (Goodbred and Kuehl, 2000b) and stabilization of eustatic sea levels, 
causing lighter bedload and decreased river gradient, which are the major causes of 
migration in braided channels (Coleman, 1969).
In terms of the geographical locations of the Brahmaputra and Ganges over the 
Holocene, the shift to Ganges dominated Muddy Sand sequence in BH-5 may have 
resulted from a shift of the Brahmaputra to the Sylhet, where very rapid infilling (>2 
cm/yr) occurred from ~ 7500 to 6000 cal yr BP (Goodbred and Kuehl, 2000a). In 
addition, the continued accommodation in the Sylhet may have affected the route of the 
Brahmaputra during the entire Holocene, causing the river to favor a coarse towards the 
eastern side of the delta. This would help explain the Ganges-type sediments throughout 
BH-1. Mineralogy of BH-1 indicates that either the Brahmaputra remained to the east of 
this borehole for the entire Holocene or the Brahmaputra flow jumped to the west of BH- 
1 at certain times, without leaving a trace of sediment at the location of BH-1. Lack of 
mineralogical data west of BH-1 precludes any further conclusions concerning 
Brahmaputra’s western-most path.
Weathering and Climate Implications
Studies of Neogene Bengal fan sedimentation associate illite and chlorite (IC) with 
periods of intense physical weathering and rapid sedimentation, whereas smectite and 
kaolinite (SK) are associated with dominant chemical weathering and decreased 
sedimentation rate and grain-size (Brass and Raman, 1990, France-Lanord et al., 1993, 
Derry and France-Lanord, 1996). By examining cores of continuous Ganges or 
Brahmaputra deposition (e.g., BH-1, BH-7, and 0-32 m of BH-5) we are able to analyze 
Holocene weathering patterns.
One possible cause of variations in clay abundances in our boreholes is in situ 
diagenesis. Initial soil ripening (aeration and oxidation) of fresh floodplain deposits in the 
Bengal Basin occurs as quickly as 2-5 years to a depth of 0.5 m, however, unripened 
alluvium generally remains in the permanently saturated zone, below ~ 1-2 m (Brammer,
40
1996). Channel processes in these two rivers suggest sedimentation rates greatly exceed 
the rates and depths of soil formation, with migrating sand waves 7-15 m tall, modem 
records of 9 m of infilling in one day (Coleman, 1969), and confluence scour extending 
30 m below Standard Low Water (Best and Ashworth, 1997). Hence, we argue channel 
deposits are largely unaffected by soil forming processes and diagenesis. Other 
researchers suggest that there is little evidence of any change in clay mineralogy of 
floodplain deposits due to pedogenesis (Habibullah et al., 1971; Brammer, 1996). We 
cannot, however, mle out diagenesis in overbank deposits, such as the Thin Mud facies, 
although we believe it is not a dominant factor governing mineralogy.
Ganges sediments show a strong negative correlation of illite to smectite in the 
Holocene, in both BH-1 and the upper 32 m of BH-5 (R2 = 0.85 and 0.95, respectively; 
Fig. 13). Samples containing high (>7%) chlorite values are associated with high illite 
and low SK abundances (e.g., 50-80 m; Fig. 8). SK abundances reach a minimum at 61 m 
in BH-1, concomitant with a maximum of IC. The profile of Brahmaputra sediments in 
BH-7 (Fig. 7) is dominated by a strong negative correlation of illite and kaolinite in BH-7 
(R = 0.95, Fig 14). IC values increase slightly and SK decrease down-core in BH-7, as 
with BH-1. These trends are similar to those in studies of Neogene Bengal fan 
sedimentation, and may be controlled by similar processes.
Goodbred and Kuehl (2000a) find early Holocene (~ 11,000-7000 cal yr BP) 
discharge of the Ganges-Brahmaputra system was almost 2.5 times higher than modem 
values. This enormous discharge resulted from rapid deglaciation in the Himalayas and 
the combination of newly exposed sediments, glacial melt-water, and an intensified 
Southwest Indian monsoon by ~ 10,000 yr BP (Gasse et al., 1991, Weber et al., 1997). 
Increased inputs from Himalayan sediments could explain the trends we observe in 
relative clay abundances. Specifically, massive early Holocene inputs from the physically 
weathered Himalayas (rich in IC) could easily dilute chemically weathered SK inputs. 
This interpretation is supported by Bengal Fan sedimentation studies, where periods of 
high sedimentation rates are associated with IC, and low rates with SK (France-Lanord et
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Figure 13. Illite and smectite show strong negative correlation in our two 
continuous records of Ganges alluvium, BH-1 and the upper 32 meters of BH-5 (r2 
= 0.85 and 0.95, respectively). Massive inputs of illite from Himalayan 
deglaciation in the early Holocene dilute chemically weathered smectite inputs. 
Increasing monsoonal intensity in the late Holocene stimulates smectite 
production.
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Figure 14. Illite vs. kaolinite in Brahmaputra alluvium through the Holocene (BH- 
7). Illite and kaolinite show strong negative correlation (r2 = 0.91). Enormous 
inputs of illite from the physically eroded Himalayas dilute kaolinite inputs. In 
addition, increasing monsoonal intensity in the late Holocene stimulates kaolinite 
production.
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al., 1993, Galy et al., 1996). Chemical weathering rates from changes in regional 
temperature and moisture certainly have a strong control over SK production in 
floodplain soils. However, episodes of warm and humid climate also correspond to 
glacial melting events, which we argue, would volumetrically dominate the mineralogical 
signal in the Bengal Basin. Hence, we interpret trends in clay abundances as primarily 
controlled by increases and decreases of Himalayan deglaciation and physical weathering 
processes.
In BH-1, the depth of 61 m exhibits the highest IC and lowest SK, hence, we find 
evidence of the highest physical weathering in the Himalayas at ~ 10,000 cal yr BP 
(60m)(Fig. 15). This corresponds with the timing of the last pulse in global rate of sea 
level rise as recorded in Barbados corals (Fairbanks, 1989). Also, this timing corresponds 
to the second of two warm, humid pulses in the Tibetan plateau, at ~ 10,000 yr BP, and 
increases in Bengal fan sedimentation associated with the intensified southwest Indian 
monsoon (Gasse et al., 1991; Weber et al., 1997). The cause of the high variation of illite 
to smectite in the Ganges and illite to kaolinite in the Brahmaputra may be explained by 
the formation of smectite and kaolinite in the banks and floodplains of these rivers. As 
channels migrate across the floodplain upstream from the Bengal Basin, periodic 
upstream channel avulsion would spike the river with eroded floodplain sediments, where 
pedogenic processes have begun (e.g., high smectite in BH-5 at 32 m; high variation of 
SK in BH-1 from 0-15 m)(Figs. 8 and 15, respectively).
IC abundances continue to decrease in BH-1 in the upper ~ 25 m, as SK continue to 
increase (Fig. 15). This general trend is also evident in BH-7 and in the upper 32 m of 
BH-5 (Figs. 10 and 15). If physical weathering and IC abundances control the trends in 
BH-1, this suggests that physical weathering continues to dominate up to ~ 5000-6000 yr 
BP (Fig. 8), implicating continued glacial retreat. This supports 8000-6000 yr BP 
maximum Holocene temperatures inferred from the Dunde ice cap study (Thompson et 
al., 1989), and the warm, wet conditions from ~ 10,000-5000 yr BP determined from
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Figure 15. Combined smectite and kaolinite (SK) abundances represent relative levels 
of chemical and physical weathering over the Holocene. The above depict the SK 
abundance in BH-1 and BH-7, indicating the dominant weathering conditions in the 
Ganges and Brahmaputra river basins, respectively. Higher SK indicates that chemical 
weathering dominates, whereas lower SK indicates the dominance of physical 
conditions.
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Tibetan lake sediments (Gasse et al., 1991). Gasse et al. (1991) also note evidence of soil 
weathering beginning at ~ 5000 yr BP, which supports these findings.
We find that the Brahmaputra contains substantially less smectite and more kaolinite 
than the Ganges, the cause of which is unclear. This may be related to the differing 
geochemical environments (Brahmaputra is dominated by carbonate weathering, while 
the Ganges has greater evidence of silicate weathering)(Sarin, et al., 1989) and/or 
bedrock geology (e.g., the Ganges river basin contains significantly more basic 
rocks)(Huizing, 1971). Finally, the causes of substantially higher smectite concentrations 
in the Ganges grab samples than in BH-1 are unclear, however, we suspect that this is the 
result of seasonal variation of clay concentrations and pedogenic inputs from local 
floodplain soils. These hypotheses deserve to be investigated further.
CONCLUSIONS
Analysis of the mineralogical differences between the Ganges and Brahmaputra rivers 
allows differentiation of alluvium from the two rivers. This in turn enables the analysis of 
river switching and migration history since the sea-level lowstand and the weathering and 
climate conditions of the drainage basins over the Holocene permitting the following 
conclusions:
1.) The major mineralogical difference between the Ganges and Brahmaputra sand 
fractions is the ratio of epidote to garnet (E/G), with a high (>1) E/G in the Brahmaputra 
and a low (<1) E/G in the Ganges. In the clay fraction, relative abundances of smectite in 
the Ganges are distinctly greater than the Brahmaputra (average, 39% vs. 3%, 
respectively) and less illite (41% vs. 63%), less kaolinite (18% vs. 29%), and less chlorite 
(1% vs. 3%).
2.) Our data suggest rapid river switching in the late Pleistocene/early Holocene 
during sea level lowstand, followed by increased channel stability in the late Holocene, in 
contrast to Goodbred and Kuehl (2000a). This trend probably results from the dominance 
of braided channels during sea level lowstand, resulting from enormous sediment load 
and steep river gradient.
3.) Ancestral routing of the two rivers indicate the Brahmaputra either did not flow 
west of BH-1 during the Late Quaternary, or it jumped over the area completely. 
Tectonically driven accommodation in the Sylhet may have contributed to the favored 
easterly course of the Brahmaputra.
4.) Massive inputs from physical weathering of the Himalayas control trends of SK 
and IC in Ganges and Brahmaputra sediments. We report the highest physical weathering 
at ~ 10,000 yr BP and elevated physical weathering continuing until ~ 5000-6000 yr BP. 
High variation in SK is probably the result of floodplain erosion events from upstream 
river avulsion.
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APPENDIX A 
Preliminary Sand Fraction Analysis
Results and Discussion
Table A-l. Bulk heavy mineral (specific gravity > 2.96) sand-fraction content (% wt.)
Sample ID Light (g) Heavy (g) Heavy (% wt.)
Ganges Gan-la 9.52 0.17 1.8
Gan-2a 8.47 0.14 1.6
Gan-3 a 6.03 0.13 2.1
Brahmaputra Brah-1 8.78 0.33 3.6
Brah-2 8.86 0.80 8.3
Brah-3 11.04 1.41 11.3
Brah-4 7.97 0.84 9.5
Borehole Depth (m) Light (g) Heavy (g) Heavy (% wt.)
7.6 5.21 0.14 2.6
13.7 5.04 0.18 3.4
21.3 5.58 0.28 4.8
25.9 6.05 0.32 5.0
32.0 5.40 0.24 4.3
39.6 3.47 0.11 3.1
59.4 5.22 0.10 1.9
61.0 4.23 0.12 2.8
67.1 6.80 0.37 5.2
76.2 5.40 0.16 2.9
82.3 4.46 0.19 4.1
88.4 5.85 0.15 2.5
18.3 7.72 0.22 2.8
19.8 0.79 0.05 6.0
21.3 17.08 0.99 5.5
22.9 3.73 0.10 2.6
24.4 9.06 0.84 8.5
25.9 3.85 0.56 12.7
27.4 4.58 0.49 9.7
29.0 2.59 0.20 7.2
30.5 9.79 1.19 10.8
38.1 17.38 1.05 5.7
44.2 7.48 0.43 5.4
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Table A-l.
Continued
Borehole 
BH-2, cont.
BH-3
BH-4
BH-5
Depth (m) Light (g) Heavy (g) Heavy (% wt.)
50.3 17.26 1.18 6.4
53.3 2.90 0.18 5.8
56.4 13.44 0.87 6.1
62.5 11.74 0.81 6.5
68.6 6.87 0.43 5.9
74.7 5.69 0.40 6.6
80.8 4.65 0.28 5.7
83.8 3.35 0.24 6.7
86.9 14.23 0.97 6.4
4.6 5.97 0.14 2.3
6.1 4.39 0.07 1.6
7.6 4.49 0.07 1.5
13.7 4.74 0.13 2.7
15.2 5.51 0.17 3.0
18.3 3.64 0.17 4.5
22.9 1.86 0.02 1.1
27.4 3.76 0.17 4.3
29.0 6.39 0.28 4.2
30.5 4.46 0.19 4.1
33.5 4.69 0.18 3.7
53.3 4.14 0.23 5.3
57.9 3.14 0.13 4.0
64.0 3.12 0.29 8.5
70.1 3.49 0.16 4.4
76.2 5.22 0.22 4.0
82.3 4.63 0.20 4.1
88.4 2.85 0.15 5.0
6.1 2.85 0.10 3.4
7.6 4.46 0.23 4.9
4.6 18.12 0.39 2.1
10.7 7.48 0.29 3.7
12.2 14.57 0.65 4.3
15.2 5.87 0.11 1.8
22.9 14.84 1.01 6.4
24.4 12.82 1.37 9.7
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Table A-l.
Continued
Borehole 
BH-5, cont.
BH-7
Depth (m) Light (g) Heavy (g) Heavy (% wt.)
27.4 6.27 0.46 6.8
32.0 5.71 0.30 5.0
36.6 7.08 1.58 18.2
41.1 8.20 1.06 11.4
45.7 6.36 0.70 9.9
50.3 7.94 0.89 10.1
54.9 8.47 1.05 11.0
59.4 10.03 1.16 10.4
64.0 6.73 0.69 9.3
68.6 8.27 0.65 7.3
73.2 9.62 0.66 6.4
74.7 5.23 0.38 6.8
85.3 8.32 0.67 7.5
4.6 4.53 0.53 10.5
13.7 3.90 0.48 11.0
21.3 3.94 0.38 8.8
33.5 7.09 0.61 7.9
36.6 3.34 0.25 7.0
47.2 5.89 0.68 10.4
59.4 3.28 0.34 9.4
76.2 5.67 0.40 6.6
88.4 10.84 0.87 7.4
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Table A-2. Grain-size data of the Ganges and Brahmaputra river grabs, determined by 
pipette method.
Sample ID Sand (% wt.) Silt (% wt.) Clay (% wt.)
Ganges — — —
Gan-la 45.6 46 8.4
Gan-lb* 5.4 40.3 54.3
Gan-2a 36.7 51.8 11.5
Gan-2b* 16.3 53.2 30.5
Gan-3a 49.8 38.4 11.7
Gan-3b* 2.3 58.9 38.8
Brahmaputra — — —
Brah-1 48.7 40.1 11.2
Brah-2 80.6 8.1 11.3
Brah-3 93.1 0.9 6
Brah-4 68.7 21.8 9.5
* These samples contain < 30% sand, hence, were not 
used in E/G determinations.
Table A-3. Heavy-mineralogy of Ganges and Brahmaputra river grab samples in the sand 
fraction, determined by 100 grain counts.
Ganges Grabs Brahmaputra Grabs
Gan-la Gan-2a Gan-2b* Gan-3a Brah-1 Brah-2 Brah-3 Brah-4
Epidote 2 1 0 2 5 8 10 8
Garnet 11 0 0 2 9 5 5 5
Ky/Sill 2 0 1 2 1 4 1 7
Tourmaline 2 0 0 0 0 0 0 1
Pyrobole 41 16 5 30 55 55 55 50
Biotite 19 72 90 44 7 8 5 11
Rutile 2 0 0 2 5 5 1 0
Magnetite 1 <1 <1 <1 1 2 1 3
Zircon 0 0 0 0 <1 <1 <1 <1
Other 20 11 3 18 17 15 22 16
Preliminary Analysis
Preliminary analysis began with grain-size determinations and heavy-mineral 
separations. Results from grain-size of the Ganges and Brahmaputra river grabs and the
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percent heavy minerals for all samples examined is listed above. Results of preliminary 
heavy and light mineralogy is discussed below.
Heavy-minerals (specific gravity >2.96)
Table A-3 lists the results of preliminary heavy mineralogy, based on a 100-grain 
count of 4 Ganges and 4 Brahmaputra river grab samples, respectively. The high 
abundance of biotite in HB-1 and HB-2 is associated with hydraulic sorting and low 
percent sand (37% and 16% sand, respectively). HB-2 was determined to be too silty to 
yield an accurate E/G ratio, and hence, it was not used in subsequent E/G analysis. 
Mineral assemblages with the highest relative abundances were biotite, pyrobole, epidote, 
and garnet. Using our techniques, findings closely resembled those in Huizing (1971). 
Epidote to garnet (E/G) ratio was determined to be the most useful diagnostic of 
provenance for our study, due to relatively high abundances in sandy samples and the 
ease of identification. Hence, procedures for subsequent analysis were modified based on 
the above preliminary analysis (see Appendix, B).
Light Minerals
Carbonates were not used to determine provenance because of the difficulty in 
separating changes in provenance from diagenetic alteration. Quartz and feldspars 
relative abundances were determined by XRD. Samples were ground and mounted by the 
standard smear-mount technique, and feldspar to quartz (Feld/Qt) ratios were determined 
from half-height peak areas of the diagnostic diffraction peak for each phase, adjusted by 
an appropriate weighting factor. The following weighting factors were used (Mann and 
Muller, 1980): of 1.3 for quartz (26.6 °20), 2.0 for K-feldspar (~ 27.5 °20), and 2.0 for 
plagioclase (~ 28.0 °20).
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Table A-4. Feldspar to quartz ratios for river grabs and BH-1, BH-7 in the light sand
fraction; relative abundances determined by XRD.
Grab Sample Quartz K-feldspar Plagioclase Feld/Qt
Ganges Gan-la 67 7 26 0.50
Brahmaputra Brah-4 64 10 26 0.58
Depth (m) Quartz K-feldspar Plagioclase Feld/Qt
13.7 93 1 6 0.07
25.9 58 5 36 0.71
61.0 79 2 19 0.27
82.3 66 12 22 0.51
21.3 54 11 35 0.84
33.5 69 13 , 18 0.45
36.6 81 15 5 0.24
59.5 74 4 22 0.35
88.4 69 10 22 0.46
Ganges grab Gan-la has a slightly lower ratio than the Brahmaputra grab. The 
Ganges-type (see Discussion) BH-1 has an average of 0.39, while the Brahmaputra-type 
has a slightly higher average of 0.47. These ratios are not significantly different (p = 0.61, 
DF = 8), and they were not used to determine provenance.
APPENDIX B
Detailed Descriptions of the Laboratory Methods Used in this Study
Epidote and Garnet Determinations
The deflocculant sodium-hexametaphosphate (calgon) was added to bulk samples 
before wet sieving through a 62 pm mesh (4 <j>). Muddy (>4 <j>) suspension was collected 
in a 1000 mL-graduated cylinder and set aside (see Clay-Size Mineral Analysis, below). 
Sands (<4 <j>) were washed from the sieve to a small (60 mL) beaker, which was dried in 
an oven at 70 °C and weighed for grain-size analysis.
Heavy-mineral separation was accomplished by gravity settling in glass funnels with 
the heavy liquid tetrabromide (s.g. 2.96), described in detail by Carver (1971, page 441). 
Heavy grains sank to he bottom of the funnel filled with tetrabromide and light minerals 
floated. Tetrabromide was recovered and reused where possible. After separation, 
acetone was used to wash the sands and filters of excess tetrabromide. All parts of the 
separation were performed in a fume hood. After drying, sands of lower density (light 
fraction) and those of high density (heavy fraction) were weighed and stored for 
subsequent analysis.
The heavy fraction was examined using a binocular dissecting microscope under 
incident light. Mineral grains were identified by crystal shape, habit, cleavage, and color. 
The preliminary survey of our samples used 100-grain counts (Appendix A), identifying 
the following mineral groups: epidote, garnet, biotite, chlorite, ‘pyroboles’, staurolite, 
sillimanite/kyanite, tourmaline, rutile, magnetite, and zircon. Amphibole and pyroxene 
are very difficult to differentiate under incident light, and have been grouped together as 
‘pyroboles’ (Berquist, 1990). Likewise, kyanite and sillimanite (Ky/Sill) are grouped 
together. Magnetite was separated with a hand magnet and zircon was identified by 
fluorescence under ultraviolet light.
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The procedure for identifying the heavy mineral assemblages of the borehole and 
grab samples was modified, based on results of the preliminary analysis. Specifically, 
sample names were covered in dark green tape, and all vials were shuffled thoroughly 
and then labeled ‘A’ through ‘Z \  This effectively made all samples anonymous, reducing 
bias in mineral identifications. In addition, samples were dry-sieved with a 250 p,m (2 <j>) 
mesh to limit the size fraction to 250-63 pm (2-4 <j>), to minimize changes in mineral 
assemblage due to hydraulic sorting. Heavy-mineral grains were sprinkled evenly onto 
scientific graph paper covering the bottom of a porcelain Petri dish. If a particular sample 
contained a large amount of heavy-minerals, the sample was split by an aluminum sand 
splitter so that grains would not pile on top of each other. Line counts of 1000 grains 
were performed on each sample, using lines previously identified to ensure complete 
coverage (see Carver, 1971, page 392 for details line grain counts). 1000-grain counts 
were selected to increase accuracy, based on probable error equations (Carver 1971, page 
395).
As the preliminary study indicated that only epidote and garnet were diagnostic, 
individual grains were identified as one of three categories: epidote, garnet, or other, 
based on physical characteristics including color, cleavage, and crystal habit. In 
particular, the apple green color of epidote and the light pink color of garnet makes 
distinction between the two minerals relatively straightforward. Counts were greatly 
facilitated by finger counting mechanisms called a Clay-Adams counter. Replicate 
samples were analyzed, each time using the dark green tape to make identification 
anonymous.
Clay-Size Mineral Analysis
Size separations. Muddy (>4 <{>) suspension was collected in a 1000 mL-graduated 
cylinder after wet sieving and treatment with sodium-hexametaphosphate (see Epidote 
and Garnet Determinations, above). Samples were centrifuged for 20 minutes in an IEC 
PR-7000M swinging bucket centrifuge at 4500 rpm at 20°C. This time and speed was
determined by an equation (based on Stokes law, see Carver, 1971; page 73) provided by 
the centrifuge manufacturer, settling all particles >0.2 pm. Water was decanted and mud 
on the bottom was resuspended and placed in 50 mL plastic centrifuge vials.
Silt and clay separation was performed by using specialized glass separation vials that 
have an upper and lower section separated by a constricting neck (see Fig. B-l). The 
vial’s neck must be constructed with a gentle slope so that silt does not stick to the 
‘shoulder’ of the neck area when settling. Using Stokes law, all particles > 2 pm (>8 <()) 
will settle 7 cm in 1 hr. 21.2 minutes at 20°C (Carver, page 80). Hence, all particles >
2 pm settle past the constriction into the lower section of the vial in this time frame. A 
glass rod was inserted into the constriction to facilitate decanting the water in the upper 
section. For proper gravity settling techniques, all clays must be completely 
deflocculated. This can be facilitated by stirring or placing plastic vials in an ultrasonic 
bath prior to settling. A sample is said to be adequately deflocculated when the sample 
shows a shimmering pattern of the aligned clay particles when stirred.
An alternative technique was the standard pipette technique (Carver, page 79), where 
muddy suspension in 1000 mL graduated cylinders was stirred and allowed to settle for 
two hours (at approximately 20°C), after which a pipette was used to remove 20 mL at 10 
cm depth from the surface. This technique proved less time consuming, with the 
significant drawback that only a small amount of clay can been removed. The 
mineralogies of samples collected using both techniques were essentially identical; there 
were only slightly higher quartz abundances with the pipette technique indicating a slight 
increase in average size fraction with the pipette technique (-1%  vs. ~ 2% quartz in 
some samples). Both techniques were used in this study, but the former is preferable.
XRD mounting techniques. Samples were mounted by the ‘old faithful’ glass slide 
technique: a few drops of muddy solution were placed on a glass slide, and the water 
allowed to evaporate, as described in detail by Moore and Reynolds (1997, page 214). 
This technique was compared with the filter transfer technique (Moore and Reynolds, 
page 216), in which the mud was filtered onto a > 0.2 Jim Millipore® membrane filter
15 cm
Glass Rod
Glass Vial
Figure B-l. Separation vial used to separate clay fraction from silts.
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and the film applied to a glass slide as one applies a decal to a car. The latter technique 
provides a thick clay layer which results in an excellent XRD scan, however is extremely 
time consuming and was found far less practical than the glass slide technique. The glass 
slide technique provides a fast, reliable method of preferred orientation clay mounts, with 
the drawbacks of moderate size sorting and a very thin layer of clay.
The glass slide technique involves using an eyedropper to apply several drops of clay 
suspension onto a glass slide, which is then dried in an oven at no higher than 70°C. The 
difficulty in this technique (which requires some trial and error) is to achieve the right 
mixture of clay and water, that results in a sufficiently thick sample to diffract X-rays for 
strong XRD peaks, but not so thick as to curl and crack while drying or during heat 
treatments. A consistency resembling watery milk worked well. Samples with low clay 
content were concentrated as necessary by centrifuging for 20 minutes at maximum 
velocity (Fisher Centrific TM benchtop swinging bucket centrifuge) and then decanting 
the visually clear supernatant water.
XRD Treatments and Analysis. Each clay sample was scanned three times: once air 
dried (in an oven at < 70°C), once after ethylene glycol solvation, and once after heat 
treatment. Glycol solvation involved exposing the sample to ethylene glycol vapors for 
about 12 hours (Moore and Reynolds, 1997, page 224). Each glass slide was placed in a 
sealed 12 oz canning jar with ~ 100 mL ethylene glycol at the bottom of the jar. Small 
aluminum stands were constructed and placed inside the jar to keep the sample from 
touching the liquid glycol. Four jars were used to run four samples at a time. Samples 
were run immediately after they were removed from the jars, because glycol evaporates 
quickly (within a few hours) affecting the expansion of clay minerals. Empirical tests 
indicated that for our purposes, the samples would stay sufficiently saturated for > 4 
hours, allowing us to load 4 samples at a time, analyzing each for approximately one 
hour. Finally, heat treatments involved heating the glass slides containing glycolated 
clays on a small aluminum tray placed in a muffle oven at 550°C for one hour. In general, 
slides were scanned at 1 °20 per minute over the range 3-33°. Areas of interest were
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scanned at a slower rate, 1/4 0 20 per minute for angles 3-9°, particularly in glycolated 
samples.
Relative abundances of different phases were determined using semi-quantitative 
techniques used by Biscaye (1965) and Mann and Muller (1980), where peak areas (peak 
height times half-height width) were multiplied by appropriate weighing factors listed in 
Table B-l).
Table B-l. Weighting factors for determining relative abundances of clay-sized minerals. 
Clay-size minerals Diffraction peak (°2Q) Weighting factor
Smectite -5 .2  1
Chlorite 12.3 2
Blite 8.8 4
Kaolinite 12.3 2
Ulite/smectite -  7.0-5.8 1
Quartz 20.8 1.3
The identification of these clay-size minerals was based upon the diffraction peak 
locations listed in Table B-l (see also Fig. B-2). Chlorite can be identified as the peak 
which remained at 12.3 °20 after heat treatment. The kaolinite abundance was calculated 
as the area of the 12.3 °20 peak in the untreated sample minus the chlorite peak area in 
the heated sample (kaolinite becomes amorphous above 550°C). All expandable clays 
whose peaks shifted to ~ 5 °20 after glycolization were considered smectite. It should be 
noted here that earlier studies, including Biscaye (1965), refer to ‘smectite’ as either 
‘expandables’ or ‘montmorillonite’. Since approximately the mid-1980s, it has been 
generally accepted that smectite is defined operationally as the group of clays which 
expand upon glycolization. The interlayered illite/smectite peak was identified by its shift 
from 7.0 to 5.8 °20 after glycolization (Fig. B-2).
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Figure B-2. Representitave XRD scans with treatments: air-dried, glycolated, and 
heated to 550 °C.
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